Abstract: This study presents the results of Sweep Frequency Response Analysis (SFRA) measurement work carried out on number of power transformers at various sites involving problems like shorting of winding turns, core faults and related issues, On-Load Tap Changer (OLTC) open contacts and winding displacement issues. The numerical parameters Viz., Min-Max ratio (MM), Mean Square Error (MSE), Maximum Absolute difference (MABS), Absolute Sum of Logarithmic Error (ASLE), Standard Deviation (S.D.) and Correlation Coefficient (CC) computed in three different frequency bands are presented to aid the interpretation of SFRA data. Comparison of frequency responses among different phases of the same transformer and with sister units were carried out to interpret the data. The study presents limits for various numerical parameters to diagnose the condition of the transformer and discriminate the faulty winding after accounting for manufacturing, design and asymmetry of the winding. The results presented in the study will help in interpreting the SFRA data by applying numerical techniques and assess the condition of the transformer.
INTRODUCTION
Large power transformers are most expensive and the important components of any power generation and transmission system. Outages in Transformer have a considerable economic impact on the operation of an electrical network. Deformation/movements of winding assemblies are caused by electromagnetic forces caused by external short-circuit currents or by ageing for the transformers in service or by stresses originating from mechanical vibrations during transport as noted by Lapworth and McGrail (1999) . Identifying winding movements/deformations is very important for the safe operation and better planning of maintenance of transformer in service and to improve its reliability. Frequency Response Analysis (FRA) method as per Lapworth and Mc Grail (1999) , Al-Khayat and Haydock (1995) and Ryder (2002) using sweep frequency voltage source and Transfer Function (TF) method as per Leibfried and Feser (1999) and Christian and Feser (2004) , using a low voltage impulse source are the main methods used for detecting winding deformation/displacements. Short circuit reactance measurement is described in IEC 60076-5 (2006) standard as a diagnostic method to check the mechanical integrity of the winding. However, it is observed by Feser et al. (2000) that, this method is not applicable to power transformers already in service due to its low sensitivity.
All the conventional FRA techniques are based on graphical analysis for diagnosis, which requires trained experts to interpret test results in order to identify both the failure and failure tendencies in the transformer. Therefore, conclusions will differ depending on the personnel experienced in interpreting the FRA data. In CIGRE SC12 (1999) , it is reported that some interpretation of FRA results are not so clear and failure criteria is uncertain. FRA results are sensitive to a variety of winding faults and are said to be less dependent on previous reference measurements. However, there are no systematic guidelines for interpretation of the FRA results. Hence, studies to collect field data by conducting measurement at site and analyze them for an objective and systematic interpretation methodology using different diagnostic techniques are essential.
Many attempts have been made and are being continued to develop an evaluation method that can be applied by inexperienced personnel using numerical methods as per Bak-Jensen et al. (1995) , Coffeen et al. (2003) , Jong-Wook et al. (2005) , Nigris et al. 2004) , Nirgude et al. (2008) , Secue and Mombello (2008a, b) , Tang et al. (2010) and Xu et al. (1999) . This study presents the results of SFRA measurement work carried out on number of power transformers at various sites involving problems like shorting of winding turns, core faults and related issues, OLTC open circuit and winding displacement issues. Numerical evaluation techniques to compare different phase windings of the same transformer or sister units for interpreting frequency response measurement data are applied to obtain the realistic numerical parameters that can be used to critically detect the faulty condition of the transformer. The results presented in the study will help in interpreting the FRA data based on the phase comparison/sister unit comparison, even in the absence of fingerprints, in order to assess the condition of the transformer.
SFRA measuring equipment and test connections:
FRA measurements were carried out using Sweep Frequency Response Analyzer (SFRA) instrument. Different types of test conditions with tested and non tested terminals are applied to obtain various frequency responses in order to detect the faulty winding and type of fault. Some work is done to compare the relative sensitivities of different connection techniques as stated in Nirgude et al. (2004) and CIGRE Working Group-A2.26 (2008) . It is important to note that the variation in FRA results is introduced by different types of faults which are detected by certain type of measurement with greater sensitivity. Some of the common types of test connections, which are found to be very sensitive to different types of faults in a transformer, employed in SFRA measurements are explained in CIGRE Working Group-A2.26 (2008) . In this study, the frequency response data obtained from the end-to-end (open) test connection, which examines each winding separately, is used to compute the various statistical parameters for further analysis.
METHODOLOGY

Application of numerical parameters:
Frequency response of transformer windings has two plots, i.e., magnitude plot and phase plot. Both these plots contain information about the status of winding. Interpretation of the frequency responses on graphical display requires experts to locate a problem in the transformer. For inexperienced personnel, numbers come in handy to detect the problem based on some criterion given to them. Recent literature survey as per Bak-Jensen et al. (1995) , Coffeen et al. (2003) , Jong-Wook et al. (2005) , Nigris et al. (2004) , Nirgude et al. (2008) , Secue and Mombello (2008a, b) and Tang et al. (2010) indicates various important numerical techniques for the detection of a defect. Vardeman (1993) and Montgomery and Runger (2003) gave definitions of these statistical numerical Viz., Correlation Co-efficient (CC), Mean Square Error (MSE), Absolute Sum of Logarithmic Error (ASLE), Maximum Absolute difference (MABS), Min-Max ratio (MM) and Standard Deviation (S.D.) and they are computed using Eq. (1) to (6), respectively. These parameters have been used to statistically quantify deviations between two sets of frequency responses. Much of the research is focused on magnitude plot; although the phase plot is also important. Magnitudes from the frequency response measurements are only compared to determine the statistical parameters in this study. While defining the numerical parameters, reference data (fingerprints/sister unit/phase comparison etc.) are compared with another set of measured frequency response data using SFRA for end to end (open) test condition. In all the equations given below, X(i) and Y(i) are the i th elements of reference fingerprint and measured frequency response, respectively and 'N' is the total number of samples in the frequency response in that particular frequency band.
Correlation Coefficient (CC):
The correlation coefficient is a measure of linear relationship between two sets of data variables. The correlation coefficient ideal values range between +1 and -1. Correlation coefficient is defined by Eq. (1):
Mean Square Error (MSE): Mean square error is defined by Eq. (2). MSE measures the average of the square of the error. MSE indicates the severity of difference in two sets of data. When the two data sets are exactly equal, its ideal value is 0:
Absolute Sum of Logarithmic Error (ASLE): ASLE compares the logarithmic scale and data. When two sets of data is matching and then ASLE ideal value becomes 0. ASLE is defined by Eq. (3):
Maximum Absolute difference (MABS): MABS is defined by Eq. (4). MABS gives absolute variations between two data sets. MABS is sensitive to small difference between data sets. MABS is almost similar to ASLE except for logarithmic data conversion:
data. It is sensitive to peak changes of amplitude plots and its ideal value is 1:
Standard Deviation (S.D.): S.D. is defined by Eq. (6). S.D. gives measure of the dispersion of a set of data from its mean. The more spread apart the data, the higher the deviation. Standard deviation is calculated as the square root of variance. Ideally, S.D. value is 0 for a complete match between the two sets of data:
Comparison of frequency responses of different phases of the same transformer and/or comparison of frequency responses of sister units are carried out and the numerical parameters are computed considering one of the response as base frequency response in the absence of the fingerprints. However, because of the asymmetry of the core, manufacturing differences, winding length due to tap connections, measurement differences etc., different numerical parameters have to be assigned as realistic values, close to ideal, for using them for comparison purposes to diagnose the integrity of the transformer windings. It is clear that, there is no possibility of obtaining the ideal parameters even for the new transformer with measurements at two different times or by two different people using the same equipment because of measurement issues or test layout issues etc. Hence, the realistic numerical parameters in the three frequency bands are arrived from the SFRA data obtained on the healthy transformers using frequency responses of the comparison of sister units, outer winding and identical design etc. The realistic numerical parameters thus account for the winding geometry, design and measurement differences. These parameters in three frequency bands are then analyzed to identify the faulty winding, type of fault and the severity of fault in the transformer.
RESULTS AND DISCUSSION
Results given in the following sub sections are based on the comparison of frequency responses of different phases of the same transformer and/or comparison of frequency responses of sister units and computation of numerical parameters between the two SFRA data sets. Numerical parameters are computed in three frequency bands-Band 1 (20Hz-10 kHz), Band 2 Table 1 . It can be seen that the numerical parameters closely match with defined ideal values. The small deviation in these parameters in all the three bands from its ideal values could be attributed to manufacturing, measurement etc., differences and these are to be accounted for while assigning tolerance limit values to identify as fault using the numerical parameters. Figure 2 gives the frequency response of the high voltage windings of a healthy 1000 Diagnosing transformer winding faults using realistic numerical parameters: Case A: winding deformation and shorting of turns: Figure 3 shows the FRA response of the HV series windings of a 220/132/33 kV, 160 MVA, 3 phase, Yyna0d11, Shell type, Auto Transformer. It can be observed from Fig. 3 that 'C' (H3X3) phase winding responses of series winding deviate largely at low frequencies up to about 40 kHz from the other two phase responses clearly indicating the faulty 'C' phase. The lowering of inductance due to shorting of turns resulted in variation in frequency response at low frequencies. Table 4 gives different numerical parameters computed in three different frequency bands. It can be observed that SD, ASLE, MABS and MM parameters between H2X2-H1X1 are much lower than H2X2-H3X3 in band 1 and band 2 and less than realistic values given in Table 3 indicating healthiness of H2X2 and H1X1. It can also be observed that ASLE and S.D. parameters between H2X2-H3X3 are much higher in band 1 and 2 and correspondingly CC is much lower when compared with realistic values given in Table 3 indicating H3X3 as faulty phase winding. It can be concluded that for winding deformation and shorted turns, band 1 parameters except MM show considerably large deviation i.e., more than ten times when compared to critical values. Similarly in Band 2, all parameters are marginally high and band 3 parameters are not affected. Thus, for these type of faults, significant changes in all the parameters are observed in band 1and extended in to band 2. Table 5 gives the numerical parameters corresponding to Fig. 4 considering minimum tap position as reference. It can Table 4 : Numerical parameters that corresponding to Fig. 3 Frequency range be observed from Table 3 , as against the normal deviation expected due to position of the tap switch and thus can be confirmed to be faulty and similar to the fault with open circuit of the winding. Comparison of frequency responses of HV and LV among different phases of unit 1 indicated large deviations at frequencies below 1 kHz whereas it was perfect match for unit-2. It was observed that there could be a core residual magnetism problem with unit 1. Figure 5 shows the frequency response comparison of unit-1 with unit-2 for 'A' (H1H0) phase, which also indicates large deviations in low frequency. Otherwise, the two windings identical and are sister units with frequency responses perfectly matching even up to 2 MHz. Table 6 gives the numerical parameters corresponding to Fig. 5 . It can be observed that band 2 and band 3 parameters are well within the realistic critical parameters given in Table 3 suggesting severe winding displacements.
Numerical parameters comparison of outer windings:
-----------------------------------------------------
Critical realistic parameters -----------------------------------------------------
--------------------------------------------------------------------------------------------------------------------------------------------- 20 Hz-10 kHz ------------------------------------------------ 10-100 kHz -------------------------------------------- 100 kHz-1 MHz ---------------------------------------- Numerical--------------------------------------------------------------------------------------------------------------------------------------------- 20 Hz-10 kHz -------------------------------------------- 10-100 kHz ------------------------------------------------ 100 kHz-1 MHz ---------------------------------------- Numerical----------------------------------------------------------------------------------------------------------------------------------------------- 20 Hz-10 kHz ---------------------------------------------- 10-100 kHz ---------------------------------------------- 100 kHz-1 MHz ------------------------------------------ Numerical parameter X2X0-X1X0 X2X0-X3X0 X2X0-X1X0 X2X0-X3X0 X2X0-X1X0 X2X0-X3X0 CC
CONCLUSION
Number of case studies involving comparison of frequency responses among different phases of the same transformer and with sister units were carried out to obtain the SFRA data. Various numerical parameters were computed and the spread in the values were analyzed to obtain the realistic numerical parameters as given in Table 3 to assess the condition of the transformer. SFRA data obtained on the number of transformers were analyzed using the numerical parameters computed in the three frequency bands for different types of problems. It was observed that for winding deformation and shorted turns, band 1 parameters show considerably large deviation when compared to critical values given in Table 3 . For the open circuit/ OLTC contact open case, abnormal change in band 1 and 2 parameters, when compared with the realistic values given in Table 3 , as against the normal deviation due to position of the tap switch were observed. It can also be observed that ASLE and CC parameters in band 1 are very much away from the normal values given in Table 3 for core related problem. It was also observed that, for winding movement/displacements, band 3 numerical parameters are considerably higher than the numerical parameters given in Table 3 . It is thus observed that, exceeding the numerical parameters given by Table 3 is an indication of deformation/displacement in the transformer by considerable degree and necessary action has to be taken. The numerical parameters given in Table 3 can thus be used to set the tolerance limits after accounting for manufacturing differences and asymmetry of the winding to diagnose the condition of the transformer. It can also be used to discriminate the faulty winding and type of fault based on the interpretation guidelines presented on the variation of these numerical parameters in different frequency bands. However, it is felt that interpretation done using a single parameter may be lead to an underestimation or exaggeration of isolation deviations present in the data. Therefore, it is preferred to use a set of numerical parameters in a complementary way to get diagnostic conclusion.
